INTRODUCTION
In spite of long-recognized high hazard along the Himalayan arc, strong-motion monitoring in Nepal has remained limited, and much of the existing data are not openly distributed (e.g., Nobuo et al., 2015) . For this reason, in 2014, the National Society for Earthquake Technology (NSET) installed a small number of Quake-Catcher Network (QCN; network code QC; see Data and Resources) Onavi-B 16-bit instruments as a pilot study to test the feasibility of using low-cost strongmotion sensors to improve monitoring in the Kathmandu Valley of Nepal. In general, QCN uses low-cost microelectromechanical systems (MEMS) accelerometers hosted by volunteers (Cochran et al., 2009) to collect event records of moderate to large ground motions. In Nepal, local partners use sensors either internal to laptop computers, phones, or tablets or small (the size of a matchbox) MEMS Universal Serial Bus (USB) sensors (Cochran et al., 2009 ) plugged into desktop computers and hosted by volunteers to collect scientifically useful seismic data. Data are collected and sent to a central server using the Berkeley Open Infrastructure for Network Computing distributed-computing software (Anderson and Kubiatowicz, 2002) . Data from these instruments are freely available to the international community in near real time.
Three QCN stations were operational at the time of the 25 April 2015 M 7.8 Gorkha earthquake (Fig. 1) ; however, due to power failures, only the first few seconds of the mainshock were recorded at one station. Although a complete record of strong ground shaking is not available from QCN station 31523 (Fig. 1b) , it was the nearest station, and the mainshock P-wave arrival was useful to improve the location of the hypocenter. After power was restored, the QCN instruments recorded early large aftershocks, including the M 7.3 aftershock on 12 May 2015. Data from these instruments are freely available to the international community in near real time. Five additional instruments were installed during a rapid aftershock mobilization program (RAMP) deployment in late May 2015, with an additional 30-40 instruments to be installed over the next year. The initial pilot installations and the additional sensors will be combined to develop the Nepal-Shaking Hazard Assessment for Kathmandu and its Environment (N-SHAKE) network. All station information, including information such as station location, sampling rate, and date of installation, is included in ○ E Table S1 , available in the electronic supplement to this paper.
Complementary to the QCN sensors in Kathmandu is a permanent U.S. Geological Survey (USGS) NetQuakes (network code NQ) strong-motion sensor (NQ.KATNP; Fig. 1b ) located at a site in central Nepal, which provides the closest complete recording of the 25 April 2015 M 7.8 Gorkha earthquake and early aftershocks. The station began operation in April 2011, but ceased transmission in near real time in 2013 due to an unreliable Internet connection. Initial recordings of the Gorkha sequence were retrieved manually from the ring buffer several days after the mainshock. The lack of Internet connectivity over a period of two years caused the internal clock to drift by 37.381 s. A time correction was applied on 19 May 2015, so that arrival times could be more accurately determined and used to improve locations of the mainshock and early aftershocks. In late May, the USGS Earthquake Disaster Assistance Team replaced the original NQ.KATNP unit with a new NetQuakes instrument, performed a tilt test to confirm the calibration of the original instrument, and confirmed that neither the instrument nor the structure (a wellconstructed one-story reinforced concrete building) were disrupted by mainshock shaking. The team then installed the original sensor on the ground floor of NSET headquarters, collocated with an existing QCN sensor (QC.31523). This anchors the N-SHAKE network with two conventional strong-motion (NetQuakes) instruments, including one that will provide direct validation of data recorded by the collocated QCN instrument. Waveforms from the NetQuakes sensors stream data in near real time to the USGS National Earthquake Information Center (NEIC) for earthquake source characterization and are archived and available for download at the Incorporated Research Institutions for Seismology Data Management Center (IRIS-DMC).
In this report, we describe the strong-motion recordings of the 2015 Gorkha M 7.8 earthquake and present preliminary results that illustrate the continual potential value and utility of low-cost QCN instruments to improve strong-motion monitoring, particularly in regions where traditional seismic networks are limited.
MAINSHOCK AND LARGE AFTERSHOCK GROUND-MOTION OBSERVATIONS
The 25 April 2015 M 7.8 Gorkha earthquake produced strong shaking (European macroseismic scale intensities V-VIII; Martin et al., 2015) that resulted in nearly 9000 fatalities, 23,000 injuries, and thousands of collapsed or seriously damaged buildings (ICIMOD, 2015) . This earthquake occurred 81 yrs after the 1934 M > 8 Nepal-Bihar earthquake (Sapkota et al., 2013) , which resulted in over 15,000 deaths (Rana, 1934; Dunn et al., 1939) and in severe damage in eastern Nepal (Rana, 1934) . Based on hazard assessments undertaken, the community of earthquake professionals had long voiced concern about potential losses during a future large earthquake (e.g., Bilham et al., 2001) heavy toll on property and lives, shaking intensity estimates from Nepal reveal that damage in Kathmandu was lower than would have been predicted given the magnitude and rupture geometry of the earthquake (Martin et al., 2015) . The freely available, complete record of the M 7.8 Gorkha earthquake from the NetQuakes station NQ.KATNP, which complements a strong-motion recording from an instrument operated by the Nepali Department of Mines and Geology (DMH) (Bhattarai et al., 2015) , provides critical quantification of strong ground motions in the Kathmandu Valley (Fig. 2a) . This recording indicates that peak ground acceleration (PGA) was surprisingly low, ∼16% of g. The low PGA value and general character of the waveforms are consistent with the recording from the DMH instrument, confirming the fidelity of both recordings. We first discuss mainshock and aftershock recordings from NQ.KATNP, which we then subsequently use to validate data from the QCN instruments.
In Figure 2b , we show the Fourier amplitude spectra for the mainshock and three early aftershocks, two of which were located by the USGS (M 6.1, 06:15:22; M 5.1, 06:25:55). To calculate spectra, we remove the mean and trend, apply a 5% cosine taper, and high-pass filter the records above 0.1 Hz. We use windows that begin 5 s before the P-wave arrival and end at six times the S-wave arrival minus P-wave arrival time. The mainshock recording clearly illustrates that initial ground motions were dominated by energy with ≈5 s period. This observed dominant 5 s period does not correspond to the expected natural period of amplification at the NQ.KATNP location in Kathmandu Valley, as inferred from microtremor studies (∼2 s; Bhandary et al., 2014) , but rather likely reflects the long-period source process of the earthquake (Avouac et al., 2015) . The aftershock recordings from NQ.KATNP have peaks at somewhat shorter periods, roughly 4 s (M 6.1) and 3 s (M 5.4). Additionally, we examine seven 30-s-long windows, one every 100 s, following the mainshock and again see clear resonant energy at 2-4 s period, similar to that seen in the mainshocks and early aftershock records. A strong predominant period close to 2 s is observed during the M 7.3 aftershock (Figs. 3 and 4) . The absence of the expected weak-motion resonance peak during the mainshock coda, which is generally consistent with observations from the 1994 Northridge, California, sequence (Field et al., 1997) , suggests that sediment response was highly and pervasively nonlinear during the mainshock.
In Figure 4 , we show the geometric mean of the horizontal acceleration spectra for the mainshock and aftershocks, with magnitudes ranging from M 5.6 to 7.3 recorded by both the QCN and NetQuakes NQ.KATNP instruments. We note a good correspondence between spectral amplitudes from QCN versus NQ.KATNP. The recordings from NQ.KATNP reveal more long-period energy. This observation is consistent with expectations; whereas NQ.KATNP is near the center of the valley, QCN-NSET (station QC.31523) and QCN-SNS (station 45298) are located toward the edge of the valley (Fig. 1b) , where the expected predominant period of weak motion amplification is 0.6-1 s (Bhandary et al., 2014) .
The QCN station QC.31783/01339 is located on the third floor of a building, which allows for preliminary analysis of building response during this earthquake sequence. As expected, data recorded at this site are dominated by structural response, with a strong resonance period at 4-5 Hz. This demonstrates the potential utility of QCN instruments for structural monitoring, although additional work will need to be carried out to verify the accuracy and precision of the instruments and their metadata. In addition, for ground-motion analysis, we integrate recordings from the QCN and NQ.KATNP stations to velocity for M ≥ 5 earthquakes to examine both PGA and peak ground velocity (PGV) (Fig. 5) . A comparison of observed PGA and PGV values to the regional ground-motion prediction equation (GMPE) from Singh et al. (1996) confirms the conclusion that the mainshock PGA was surprisingly low. PGA values for M 5-7.3 events are also generally lower than predictions from the regional GMPE. PGV values for the larger events are more consistent with predictions; for the mainshock, the PGV value exceeds predictions (Fig. 5) .
IMPROVED AFTERSHOCK LOCATIONS
In addition to capturing strong shaking for the M 7.8 mainshock and several of the larger aftershocks, the local seismic stations in Kathmandu provide the earliest seismic phasearrival-time picks available for the earthquake location (○ E Fig. S1 ). Six different QCN and NetQuakes sensors provided 70 P-and S-wave arrival-time picks for 33 earthquakes that were used to place constraints on the determination of earthquake source parameters for the entire sequence of 222 earthquakes.
For this study, USGS NEIC single-event hypocenters were relocated using a multiple-event approach based on the hypocentroidal decomposition (HD) algorithm (Jordan and Sverdrup, 1981; McNamara et al., 2015) . HD is a multiple-event procedure in the same class of methods that include joint hypocentral determination (Dewey, 1972) and double difference (Waldhauser and Ellsworth, 2000) . The HD relocation method takes advantage of correlated travel-time residuals to compute station corrections. HD provides improved hypocenter locations with minimal location bias and realistic estimates of location uncertainty for each earthquake. Additional constraints include use of a local velocity model (Monsalve et al., 2008) and fixing focal depths for 12 events based on USGS W -phase moment tensor modeling (Hayes et al., 2015) . An advantage of the HD method is the ability to relocate a poorly recorded mainshock by tying it to clusters of aftershocks that are recorded by a denser local network. In this study, we determine relocated hypocenters for a total of 222 earthquakes as shown in Figure 1a and listed in ○ E Table S2 . The earthquake sequence is most active in the west and east with aftershocks generally bounding the region of maximum slip during the M 7.8 mainshock (Hayes et al., 2015) . We did not locate all earthquakes observed on local seismic stations, but only those events for which there were a sufficient number of arrival-time observations and good azimuthal coverage to ensure a well-constrained hypocenter. Typically, smaller earthquakes (M < 4:5) were only recorded on a few stations, making it difficult to determine location and depth accurately. In general, hypocenters shifted a few kilometers to the north from the original NEIC single-event solutions, with uncertainty reduced by a factor of 2 (○ E Fig. S1 ).
DISCUSSION
In this study, we demonstrate the usefulness of QCN data for ground-motion analyses and aftershock relocations in a region where data access is poor and seismic information is not readily available for dissemination to scientists and the general public. QCN low-cost strong-motion accelerometers provide freely available data from the largest aftershocks of the 25 April 2015 M 7.8 Gorkha, Nepal, earthquake, including the M 7.3 aftershock on 12 May 2015. In countries where resources are limited, QCN instruments provide a resource to collect seismic data for a fraction of the cost of traditional seismometers.
One of the major advantages of QCN data is the ability to deploy sensors cheaply and rapidly due to the low cost and small size and weight of the sensor. The Gorkha earthquake sequence is yet another example in which conventional Rapid Array Mobilization Procedure deployments could not be mobilized rapidly due to high costs and logistical demands. QCN instruments provide a low-cost alternative that can be quickly and easily shipped in a suitcase without the fear of damage to the sensor in transit. Rapidly deployed QCN instruments can potentially contribute to real-time assessment of aftershock damage and perhaps ultimately to earthquake early warning. QCN RAMP experiments after the M 7.1 Darfield, New Zealand, earthquake and the M 8.8 Maule, Chile, earthquake have also proven effective for research and education purposes (Chung et al., 2011 (Chung et al., , 2015 Lawrence et al., 2014) and have provided scientists with a wealth of information to assess ground motion in earthquake prone regions.
Although volunteer-hosted QCN sensors have provided valuable seismic data in regions that are poorly instrumented by conventional networks, there are still challenges to overcome in regard to the Nepal earthquake response. Potential improvements include (1) development of higher-quality sensors with broader frequency and lower noise floor to improve detection of small-magnitude earthquakes and enable modern waveformmodeling methods (we expect MEMS sensors will continue to improve in time, as quality is driven by market forces); (2) establishment of data streaming to seismology community archives and processing centers, including the IRIS-DMC and the USGS NEIC National Strong-Motion Program; and (3) development Singh et al. (1996) for M 5.5 (red), 6.5 (blue), and 7.2 (cyan) events. Singh et al. (1996) equations are valid up to M 7.2; curves for larger magnitudes are not shown.
of backup power systems and use of low-cost microcomputers to obviate the need for a user-supplied laptop or desktop computer.
CONCLUSIONS
Low-cost QCN instrumentation deployed in recent years in the Kathmandu region provided high-quality strong-motion observations of the 25 April 2015 M 7.8 Gorkha, Nepal, sequence. Although the mainshock was not fully recorded by QCN instruments due to power failures, one freely available mainshock recording is available from USGS-installed NetQuakes instrument NQ.KATNP. Both NQ.KATNP and QCN instruments installed prior to the mainshock recorded invaluable data for early large aftershocks, including the M 7.3 event on 12 May 2015. Data from the conventional strong-motion instrument provide validation for early aftershocks recorded on the QCN instruments. Preliminary results reveal that (1) mainshock PGA was considerably lower than expected; (2) mainshock shaking was strongly peaked at the ∼5 s period, with no evidence of the expected 2 s weak-motion resonance in the central Kathmandu Valley; (3) the predominant periods of large aftershocks, including the M 7.3 event on 12 May 2015, were lower than that of the mainshock and more consistent with the expected predominant period of the basin response; and (4) the inclusion of local data significantly improves the aftershock locations determined by the USGS using only regional data. More in-depth analysis will be needed to improve our understanding of near-field ground motions, regional GMPEs, and long-term probabilistic seismic hazard in the region.
Although data from only four near-field strong-motion stations are available for the M 7.8 Gorkha earthquake and early aftershock sequence, a project is now underway to develop the N-SHAKE network to improve strong-motion monitoring throughout the Kathmandu Valley, as well as the rest of Nepal. Data from an expanded N-SHAKE network will allow reliable shaking distribution maps to be developed in near real time following future significant earthquakes. As of 12 June 2015, NSET has installed an additional five stations with plans to install an additional 30-40 sensors over the next year. All recorded data, as well as data recorded by NQ.KATNP, will be freely available to the international community in real time.
DATA AND RESOURCES
Data from Quake-Catcher Network (QCN) sensors were available at qcn.stanford.edu (last accessed June 2015); QCN data are now available at qcn.caltech.edu (last accessed July 2015). Data from NQ.KATNP are available from the Center for Engineering Strong Motion Data website at strongmotioncenter.org (last accessed June 2015). This work made use of Generic Mapping Tools, Seismic Analysis Code, and MATLAB software.
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